Equinus gait, defined as walking on one forefoot or both forefeet, has long been considered an undesirable characteristic in patients with a variety of neuromuscular disorders. In the equinus gait, the heel contact pattern is changed according to the severity, because an excessive ankle plantar flexion instigates rearfoot lifting in patients. However, no biomechanical severity index exists to evaluate the rehabilitation procedure of equinus gait. Therefore, we developed an SIEG (Severity Index of Equinus Gait) for nondestructive evaluation of the equinus gait and to validate the index with regard to 11 kinematic and kinetic factors of gait analysis. In this study, the 3-D heel contact pattern was considered for the development of a severity index. In order to verify the result, we compared the developed severity index values with ankle joint kinematic and kinetic factors in 3 test groups. As a result, the average SIEG values ranged between 10.45 (Normal group) and 26.61 (Severe group) and the highest correlation with regard to the 3 groups was shown in the developed severity index. Additionally, we also presented a fuzzy model using Takagi-Sugeno-Kang(TSK) logic with regard to the 12 factors in order to more accurately classify equinus gait.
Introduction
Equinus gait is most commonly caused by ankle equinus, which is often identified as an impairment of individuals with spastic hemiplegia [2] . Individuals with ankle equinus present a characteristic gait pattern of forefoot rocking without rearfoot rocking or ankle rocking. This characteristic gait pattern generates excessive plantar flexion, moment, and power at the ankle because the rearfoot is lifted by dynamic tightness or fixed contracture of the triceps surae [3] .
In the clinical gait analysis employing a 3-D motion capture system, joint relative angle, moment, and power of one gait cycle are most demanding information for the diagnosis of pathological gait. The ankle joint relative angle, moment, and power are especially important criteria used to diagnose the degree of ankle equinus, because equinus gait mainly causes pathological problems at the ankle joint due to dynamic tightness or fixed contracture of the triceps surae and the Achilles' tendon. In recent literature, Armand et al. [1] used gait 10 factors based on the relative angle of the ankle, moment, and power to classify pathological gait patterns; most of the researchers who study about equinus gait have used a method which compared with ankle angle, moment, and power of normal walkers and toe walkers.
However, because the human body is not rigid, gait analysis based on 3-D motion capture system results in experimental errors associated with skin movement artifacts [4] . Additionally, the errors caused by markers located on the skin directly above anatomical landmarks, such as the lateral malleolus and the head of the fibula, are larger than those caused by other markers [4] . Therefore, the values for the joint angle, moment, and power have errors due to this artifact of the skin movement. As a result, the accuracy of diagnosis for patients defined by the degree of ankle equinus may below.
This study was: (1) to evaluate the reliability of ankle angle, moment, and power in equinus gait; (2) to develop an index for nondestructive evaluation of the equinus gait based on the heel marker movement pattern, which has less error than markers located on anatomical landmarks; and (3) to provide a more accurate model based on a fuzzy logic for clinical decision making.
Method
Gait experience. The study group was comprised of 10 healthy subjects over the age of 20 years (10 men; mean age ± standard deviation [SD], 23.4 ± 2.1y; mean height, 172.3 ± 6.4; mean mass, 67.2 ± 7.2kg). Sixteen reflective markers were attached to the anatomical landmarks of each subject for joint kinematic and kinetic analysis, and the degree of ankle equinus was determined by taping to adapt for the rating scale of the physician, as shown in Table 1 . After these procedures, subjects walked on a 10m walkway that had a centrally placed, embedded force platform (sampling frequency of 1000Hz, Kistler, and type 9287). Eleven factors for gait. The 11 kinematic and kinetic factors for gait analysis were present in the gait pattern and curve characters of each subject. A recent study [1] , which suggested 10 kinematic and kinetic ankle factors for pathological gait classification, was referred to for the 11 factors for gait extraction Results Table 2 shows the experimental results of the gait analysis in each defined group. Most of the factors present a tendency to decline or incline with regard to severity, and the SIEG was found to be significantly different among each of the groups. However, M1 and P3 do not have any linear relationships with regard to severity. Table 3 shows the pairwise comparison results among the defined groups, the normal and mild group, the moderate group, and the severe group, at a p-level of 0.01. SIEG and A2 are the factors which show significant differences in every pairwise comparison. Fig. 2 represents the fuzzy generation models used to classify the defined groups. In the case of using 11 factors for gait, the model R 2 is 0.8529 based on the rating scale of physicians. However, the model using 12 factors including SIEG shows a model R 2 of 0.9430. In each model, the graphs on the right hand side show the trial distribution of the rating scale, and graphs on the left hand side show the linear regression model and the confidence limit (95%).
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(b) Fuzzy model using 12 gait factors including SIEG (R 2 Model = 0.9430). Fig. 2 Equinus gait classification models using 11 gait factors and SIEG (n= 96).
Discussion
The gait analysis based on a 3-D motion capture system causes experimental errors associated with skin movement artifacts; the joint angle, moment, and power values possess inherent error due to the artifacts of skin movement. As a result, the diagnostic accuracy for patients defined by the degree of ankle equinus could be reduced. Therefore, we developed the SIEG for nondestructive evaluation of the equinus gait based on the heel marker movement pattern, and compared the reliability of SIEG with 11 factors for gait of the equinus gait. We also verified the improvement of the accuracy through a fuzzy model using the SIEG and 11 factors for gait simultaneously.
As a result, SIEG, which used a marker not located on the anatomical landmarks, has lower variability in classifying the defined groups, and is more effective and statistically significant when presenting a model for the classification of equinus gait. However, the 11 factors for gait should still be used to evaluate the equinus gait, because the relative angle, moment, and power are very important for interpreting patient symptoms. Therefore, the model that simultaneously uses the SIEG and 11 factors for gait may be a very useful method for the clinical equinus gait analysis.
